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Abstract

In order to design two-dimensional nozzle/
ejector systems for future high performance air-
craft, the basic engine exhaust plume velocity and
temperature decay as affected by the secondary
stream (ejector) and decay augmentation means must
be assessed. Included in the assessment of the
plume decay characteristics are the effects of
nozzle aspect ratio and nozzle/ejector flow con-
ditions. Nozzle/ejector plume decay can be
enhanced by suitable excitation of the plume shear
layers. Correlation of these factors are devel-
oped in a manner similar to previously developed
for conic and dual-flow nozzle plumes.

Nonemclature

AR nozzle aspect ratio
b nozzle height (Z-axis)
D nozzle diameter

F,F' correlation parameters

Le acoustics exciation level, dB
)2 nozzle width (Y-axis)

M Mach number

R nozzle radius

Ste Strouhal excitation number
T total temperature

t static temperature

U velocity

X axial distance and plane

Y width distance and plane

z height distance and plane
Subscripts:

a ambient

C centerline

e effective

exc excited

J Jet

0 secondary stream

R radial

unexc unexcited

z axis direction

0.5 half velocity or half temperature
Introduction

Propulsion systems for future high perform-
ance aircraft will require multipurpose nozzle
systems that include thrust reversal and maneuver-
ing features. These multipurpose nozzle require-
ments can best be achieved with asymmetric nozzles
such as two-dimensional nozzle/ejector concepts
and the like. In order to minimize the size and
weight of such systems, the effect of the second-
ary stream (ejector flow) and means for increasing
the primary stream velocity and temperature decay
of the engine exhaust stream must be considered.
The latter consideration can include artificial
excitation of the engine/ejector flow.

Two-dimensional nozzles inherentiy provide
more vapid plume velocity and temperature decay
characteristics than do conic nozzles of equal
area and comparabie flow conditions. Consequently,
two-dimensional nozzles in conjunction with suit-
able ejectors and plume excitation features can
provide a significantly reduced ejector shroud
length when compared with conic nozzle/ejector
configurations yielding similar decay
characteristics.

The secondary or ejector stream causes a
reduction in the natural rate of exhaust plume
decay, similar to the flight effect on conven-
tional jet exhaust plumes. This causes the plume
to stretch in the axial direction and reduces the
radial spreading rate (Fig. 1(a)). This in turn
causes an increase in ejector shroud length, hence
a weight penalty, in order to achieve a desired
ejector velocity and/or temperature level.

In order to offset the effect of the second-
ary stream (ejector flow) on the exhaust nozzle
plume, as well as to enhance the basic plume decay,
means to augment the rate of plume decay must be
included in future nozzle/ejector exhaust systems.
Augmentation of the exhaust plume decay rate can
be achieved with aero/mechanical, acoustic or ther-
mal means of exciting the large-scale coherent
structure of the plume shear layer. Excitation of
the plume shear layer reduces the jet core length
and increases the spreading rate of the plume
(Fig. 1(b)). Results of exciting plume shear
layers are independent of the nozzle shape, i.e.,
shear layers of conic, two-dimensional and dual
flow nozzles have all been excited and the results
have been similar.

Excitation of plume shear layers has most
frequently been achieved with acoustic means,



although other means may prove to be more practi-
cal in the future. In the case of acoustic excit-
ation, the mechanism appears to involve phase-
locking of the coherent large-scale structure in
the plume shear layer with the acoustic signal.
The result is an enhanced mixing of the nozzle
exhaust stream with the surrgunding ambient
(static or moving) medium.'s

The basic two-dimensional nozzle plume veloc-
jty and temperature decay characteristics are
presented in Ref. 3. In the present work, the

effects on two-dimensional nozzle plumes of second-
ary streams and artificial excitation of the plume

shear layer are discussed and, where appropriate
or possible, data correlations are presented.

Two-Dimensional Nozzle Plume Flow Regions

It has generally been accepted that a two-
dimensional nozzle plume consists of three main
regions shown schematically in Fig. 2 and
described as follows:

(1) An initial mixing region defined in the
literature as the potential core region. In this
region, the nozzle plume centerline velocity is
essentially constant within the mixing boundaries
and with the axial extent of the region being
determined by the nozzle half-height, b/2, in the
Z-plane.

(2) A transition region also defined in the
literature as the characteristic decay region. In
this region, the velocity decays with increasing
axial distance, X. At each axial station, the
local velocity within the inner mixing boundaries
is constant in the nozzle width (Y) plane. The
axial extent of the transition region is a func-
tion of the nozzle half-width, £/2. Note that
a square nozzle does not have a transition region
because the plume decay is identical in both the
Y- and Z-planes,

(3) The final region is defined as the fully-

mixed or axisymmetric flow region. In this region,

the plume peak velocity always occurs at the noz-
zle centerline.

The plume temperature decay characteristics
are similar to those described in the preceding
discussion of the plume velocity decay. The axial
temperature decay, however, is initiated earlier
(closer to the nozzle exit plane) than that of the
velocity as shown schematically in Fig. 3. As a
consequence, the radial temperature boundary of
the plume spreads more rapidly than that of the
velocity, also shown in Fig. 3.

Overall Plume Decay Characteristics

A schematic sketch of the typical two-
dimensional nozzle plume centerline decay with
axial distance is shown in Fig. 4, together with
that for a conic (or square) nozzle plume. It is
apparent that with equal flow conditions the two-
dimensional nozzle velocity decay is initiated
sooner (closer to the nozzle exit) than that of
the conic nozzle. In the initial mixing region,
the shape of the two curves cnce decay has begun
is the same although the absolute values differ,
being a function of the nozzle aspect ratio. In
the transition region the }go—dimensional nozzle
plume decay follows an x-1 decay rate. Finally

in the fully-mixed region, the slope of both curves
follow an X+ decay rate. Although not shown in

the figure, the plume centerline static temperature
decay curves for the two configurations are simi-
lar to the velocity decay curves shown in Fig. 4;
however, the static temperature decay curve is
displaced to the left of the velocity decay curve,
thereby indicating an earlier initiation of decay.

In Fig. 5, the effect of two-dimensional noz-
zle aspect ratio on the plume centerline velocity
decay is shown schematically. With increasing
aspect ratio, the initiation of the velocity decay
curves shifts to increasingly smaller axial dis-
tances from the nozzle exit plane. Similar trends
are obtained for the variation of the plume static
temperature curves with two-dimensional nozzle
aspect ratio.

Data Correlation Considerations

Data on the effect of ejector flow on two-
dimensional engine exhaust plume centerline veloc-
ity and temperature decay are very limited. How-
ever, free-flight effects on some plume decay
characteristics are available and can be used to
estimate ejector flow or secondary stream effects
on the engine plume decay, particularly near the
nozzle exit plane where the confined flow due to
the ejector walls is not too important. With both
the free-stream and ejector flow, the engine
exhaust plume core is lengthened and the plume
spreading rate is reduced. Furthermore, conic
nozzle plume decay data with a secondary stream
also can be used to help estimate the secondary
stream effects on two-dimensional nozzle plume
decay by suitable analogy. Similarly, it will be
shown that the effects of plume shear layer exci-
tation on conic nozzle plume centerline decay char-
acteristics can be extrapolated to two-dimensional
nozzle plumes.

The key to the preceding analysis problems
when insufficient data are available to establish
the various plume centerline decay characteristics
for asymmetric nozzles is the universal relation-
ship of the local plume centerline static temper-
ature to local plume centerline velocity for the
entire axial length of single-stream plumes irre-
spective of nozzle shape. This relationship was
established for conic nozzles in Ref. 4 and is
applicable also to excited plumes and plumes in a
secondary stream.

Secondary Stream Effects on Plume Decay

The effect of a secondary stream on jet
plumes has been studied for many years, by numer-
ous investigators, an example being Ref. 5. For
the most part these studies have been limited to
conic nozzles. However, in Ref. 6, cold-flow
plume centerline velocity decay in a moving air-
stream is reported for a two-dimensional nozzle
with an aspect ratio of 12. In Ref. 7, an analy-
tical method is presented for predicting axisym-
metric plume characteristics in a moving airstream.
This reference also contains previously published
data in this field, including that of Ref. 5. The
analysis of Ref, 7 is also shown to apply to the
two-dimensional nozzle data of Ref. 6 in the noz-
zle height (Z) plane. In order to correlate the
two-dimensional nozzle data of Ref. 6 with conic
nozzle plume decay data, the author of Ref. 7




resorted to different constants in the analysis,
a different constant was necessary for each nozzle
type.

The effects of a secondary stream on all of
the two-dimensional nozzle plume characteristics
of interest are not available. Where such data
are not directly available, the secondary stream
effect on such nozzle plumes can be evaluated by
analogy from corr%1ated static two-dimensional
nozzle plume data® and conic nozzle plume decay
data for which b%th static and moving stream data
are available.l Typical of such data useful
to establish the necessary analogies are shown in
Figs. 6 and 7, taken from Ref. 3. In Fig. 6, the
variation of the local plume centerline static
temperature ratio is shown for two dimensional
nozzles and orifices. Also shown is the correla-
tion curve for conic nozzles taken from Ref. 1.

In Fig. 7, the local plume centerline static tem-
perature ratio variation with local plume center-
line velocity ratio is shown for several secondary
stream-to-jet velocity ratios for conic nozzles.”s
Similar data to that shown in Fig. 7 are not avail-
able for two-dimensional nozzles at this time.

Plume Centerline Decay Correlations

Velocity. The plume centerline velocity decay
with a secondary stream (moving airstream) is shown
in Fig. 8 for a two-dimensional nozzle with an
aspect ratio of 24.6 The data shown are presented
in conventional terms of { - Ug)
as a function of axial d1stance ?rom the nozz]e
exit plane. Also shown in the figure are data for
a static flow condition (U, = 0) taken from
Ref. 9. With increasing seccndary stream-to-jet
velocity ratio, UO/Uj, the decay data shifts to
increasingly greater axial distances from the
nozzle exit plane. _Similar trends are obtained
with conic nozzles.

In order to correlate the preceding data on a
single curve, a parameter F,, was developed., The
variation of F, with the velocity ratio, U /UJ,
is shown in F1g 9 for conic nozzles and a two—
dimensional nozzle with an aspect ratio of 24.

The solid curves through the data were calculated
using the following equation:

= 1+ 0.725(AR)0-33(Up /u5)1-33 (1 - up/u5)0-125
(1)

The secondary stream parameter, FO, was

selected to provide limit values of 1.0 when
Ug/Uj was 0 and infinity when Ug/Uj was 1;
consequent]y, Egq. (1) is not valid when UO/Uj

is greater than 1, as in some studies.
For Ug/Uj values less than 0.8, Eq. (1)
can be s1mp11%1ed to:

=1+ 0.9(/-\R)0'33(U0/Uj)1-5
(2)

A comparison of F, with F values for
various U /UJ ratlos is shown 1n Table 1. The
table 1nd1cates that the differences between F,
and Fy are small up to a Mach number of 0.8,
thus perm1tt1nq the use of the simplified param-
eter F,

The correlated secondary stream data for the
two-dimensional nozzle with an aspect ratio of 24
using the F parameter 15 shown in Fig. 10 in
terms of ( Up) as a function of
X/bFg. In ?19 ?1 t%e correlated secondary
stream data for a conic nozzle” using the Fj
parameter is shown. It is apparent from the data
correlation in these two figures that the F
parameter correlates the plume centerline ve?ocity
decay extremely well for both the conic and two-
dimensional nozzles.

On the basis of the preceding data correlation
technique, it appears reasonable to apply the Fy
parameter to the various static flow two-dimensional
nozzle piume centerline velocity decay data
included in Ref. 3 in order to estimate the plume
centerline velocity decay when a secondary stream
is present.

Static temperature. Two-dimensional nozzle
plume centerline static temperature decay in a
secondary stream data were not available for this
study. However, such data were available for a
conic nozzle.” Correlation of these data was
successfully accomplished also by the use of the
Fo parameter used to correlate the plume center-
1ine velocity decay. The correlated data are
shown in Fig. 12 in terms of (te - t3)/(tj - tg)
as a function of X/D:F,. Again good correlation
of the data was obta1ned as was the case for the
velocity decay data from the same reference and
shown in the previous figure.

On the basis of the correlation of the conic
nozzle plume centerline static temperature decay
shown in Fig. 12 and by analogy to the preceding
conic and two-dimensional nozzle plume centerline
velocity decay correlation, it appears feasible to
use the F, parameter to correlate or estimate
the plume centerline static temperature decay for
two-dimensional nozzles in a secondary stream. Thus
the curve in Fig. 7 that was initially developed
from conic nozzle plume data is considered to be
applicable also for two-dimensional nozzle plumes
with secondary streams.

Plume Radial Decay

The literature contains some data on the radial
velocity decay of two-dimensional nozzle plumes
with a secondary stream. No such data are avail-
able for the radial static temperature decay.
Consequently, the effect of a secondary stream on
two-dimensional nozzle plume radial static temper-
ature decay must be estimated from an analogy
approach. Furthermore, plume radial decay data
with a secondary stream are available only in the
nozzle height (Z) plane. Thus, it must be assumed
that the plume radial decay in the nozzle width
(Y) plane follows similar trends.

Velocity. The effect of a secondary stream on
the plume radial velocity decay is shown in Fig. 13
for a nozzle aspect ratio of 24. The data shown
were taken from Ref. 6 and are in the nozzle
height (Z) plane. 1In Fig. 13(a), the plume radial
velocity decay for several Ug/U; ratios are
shown at a nominal X/D, of 8 The plume
radial velocity decay curve for a conic nozzle is
also shown in the figure as a basis for comparison.
It is apparent that the conic nozzle and two-
dimensional nozzle plumes have similar radial
decay characteristics. In Fig. 13(b), the plume



radial velocity decay for the two-dimensional
nozzle data of Ref. 6 is shown in the nozzle
height (Z) plane for several X/Do, locations

and at a constant Ug/U; ratio o? 0.5. For
comparison, the conic n%zz1e plume radial velocity
decay curve is again shown. At all X/D, Tloca-
tions, the plume radial velocity decay data for
the two-dimensional nozzle is again seen to coin-
cide with the conic nozzle plume curve.

Static temperature. In Ref. 3, the plume
radial static temperature and velocity decay for
ambient external conditions were represented by
similar relationships. With a secondary stream,
the plume radial velocity decay was shown to be a
function of the secondary stream velocity in the
preceding section and Fig. 13. However, the plume
radial static temperature decay is assumed herein
to remain a function of the ambient static temper-
ature rather than that of the secondary stream.
The assumed variation of the plume radial static
temperature decay with a secondary stream is shown
in Fig. 14 in terms of [(tg - t3)/(te - ta)]z as
a function of 7/Zy 5. This curve is identical
to plume radial static temperature decay curve
given in Ref. 3 for ambient external conditions.

Plume Decay Modification

Plume velocity/temperature decay and spreading
characteristics can be modified by exciting or
perturbing the coherent large-scale structure in
the plume shear layer. Excitation of the plume
shear layer can be achieved fy 8Cf§Stic’ aero/
mechanical or thermal means. »10- Also results
obtained by excitation of the plume shear layer
are independent of the nozzle shape, excitation
having been successfully fpp]ied to plumes o{
conic (circular) nozzles, d1%1 flow nozzles 4,15
and two-dimensional nozzles.16-20

Amplification or excitation of large-scale
structures in jet plumes can occur when the per-
turbation frequency is the same as the natural
frequency of the coqerent large-scale structure
in the shear layer.t The magnitude of the large-
scale structure amplification is a function of the
perturbation strength (acoustic level for acoustic
excitation), jet flow conditions and location of
the perturbation source relative to the plume
(within the nozzle or external to the nozzle).
By-products of plume excitation can include
increased turbulence levels in the plume resulting
in some increase in jet noise level. It is
further stated in Ref. 19 that two-dimensional
plumes are more sensitive to external excitation
than Ref. 17 and others suggest. Indeed, data in
Ref. 19 indicates an extreme frequency sensitivity
in the excitation of a plume that is also borne
out in unpublished conic nozzle work by the
Lockheed-Georgia Corporation under contract to
NASA. Very small changes in excitation Strouhal
number can produce large changes in the large-
scale and turbulence structures of the plume shear
Tayer. This may help to explain some of the anom-
alous behavior present in the current available
experimental data.

Most of the available experimental plume
excitation data have been obtained with an acous-
tic excitation source, cold flow and small-scale
models over a range of subsonic and low supersonic
jet Mach numbers. In general, the data have been
obtained only along the plume centerline in the

nozzle height (Z) plane. Only Timited data are
available on the effect of plume spreading under
the influence of an excitation source. Finally,
while some data are available, the effect of tem-
perature level on the plume velocity decay of an
excited plume is presently not understood. A
heated jet plume shows a response to excitation
that depends on jet Mach number and temperature.
This response decreases with both when the flow
is turbulent.

The following sections present a brief over-
view of some of the available information on the
effect of excitation on plume decay characteris-
tics. For the most part the excitation source is
acoustic, although similar effects have been
reported in the literature using other sources.

Excited Plume Centerline Decay

In cold-flow studies directed toward more
rapid plume decay, excitation has achieved more
rapid decay of the centerline velocity compared
with that of unexcited plumes. These results
were obtained with both Taminar and turbulent
flows and are documented in the literature. Lim-
ited unpublished data with a heated, internally
acoustically excited conic ject have also been
obtained by the Lockheed-Georgia Corporation under
contract to NASA, as previously cited, in a con-
tinuation of the work reported in Ref. 1. 1In the
laminar flow regime (Mj, 0.3), acoustic excita-
tion produced a much more rapid plume centerline
velocity decay than that obtained without excita-
tion. However, in the turbulent flow regime (Mj,
0.8 and 1.15),the effect at a given acoustic level
decreased with increasing jet temperature ratio,
Ti/T4. For example, with a conic nozzle, a jet
Mach number of 0.8 and an acoustics excitation
level of 150 dB, only small effects on the plume
centerline velocity decay were obtained at a
T3/Ta of 2.3, whereas significant decay effects
were obtained with cold flow and otherwise similar
conditions. Possible reasons for this phenomenon
are discussed in Ref. 21. In this reference it is
stated that plume excitation by external sources,
including acoustic means, is tied to the jet flow
state. Cold flow jets that are convectively
unstable jets, according to Ref. 21, apparently
can be excited. However, hot jets that are
absolutely unstable flows maintain fluctuations
independent of external acoustic excitation.

This phenomenon needs further study to verify the
important consequences of these findings. It is
also necessary to determine whether other means
of excitation than acoustics could have similar
restrictions to their effectiveness.

In Ref. 4, limited unpublished static plume
centerline decay data for a conic nozzle with and
without excitation were included. These data
obtained by the Lockheed-Georgia Corporation under
contract to NASA are reproduced in Fig. 15 as the
variation of (tc - t3)/(tj - t ) with Uc /Uy,
the data were taken with 2 5.0% cm diameter noz-
zle, a jet Mach number of 0.8 and a jet total tem-
perature of 489 K. An acoustic excitation level
of 147 dB with a Strouhal excitation number of
0.35 resulted in the data shown. The data
obtained with a rotating disk turbulator were
also taken from Ref. 4 but were originally pub-
lished in Ref. 12. Also shown in the figure is
the unexcited jet decay curve for conic nozzle
taken from Ref. 4. The data shown indicate that




both the excited and unexcited data are repre-
sented by the same curve, Furthermore in Fig, 6
it was shown that the unexcited static plume
centerline velocity/temperature decay data for
two-dimensional nozzles also fell on conic nozzle
curve. On the basis of these considerations, it
can be assumed that, by analogy, excited plume
centerline decay data are also represented by the
curve shown in Fig. 15.

Excited Plume Radial Decay

Excited two-dimensional nozzle plume radial
decay data are presently not available in the open
literature. However, such data (unpublished) have
been obtained for conic nozzle plumes by the
Lockheed-Georgia Corporation under contract to
NASA and are shown and discussed in the following
sections.

Velocity. Representative excited and unexcited
conic nozzle plume radial velocity decay data
(unpublished) are shown in Fig. 16. Also shown
for comparison is the correlation curve from Ref. 4.
It is evident that both excited and unexited plume
radial velocity decay are represented by this
curve and hence have the same decay rates.

In Ref. 2 it was shown that unexcited conic
and two-dimensional nozzle plumes have the same
radial velocity decay rates when analyzed using
nondimensional parameters. Because the excited
and unexcited conic nozzle plume radial velocity
also have the same radial velocity decay rates,
it can be assumed with a high degree of confidence
that, by analogy, excited two-dimensional nozzle
plume radial velocity decay is also represented
by the curve shown in Fig. 16.

Static temperature. Typical excited and
unexcited conic nozzie plume radial static temper-
ature decay data (unpublished) are shown in Fig. 17.
Also shown is the correlation curve from Ref. 4.
As in the case of the plume radial velocity decay,
both excited and unexcited plume radial static
temperature decay are represented by the same
curve and consequently have similar decay rates.
On the rationale as just discussed for the plume
radial velocity decay, it can be assumed that, by
analogy, excited and unexcited two-dimensional
nozzle plume radial static temperature decay are
also represented by the curve in Fig. 17.

Excited Plume Spreading

Although the literature contains some data on
excited plume spreading characteristics for two-
dimensional nozzle plumes {e.g., Ref. 18), the
data are insufficient to provide the base for the
necessary corrvelation parameters. However, the
studies indicate that excitation enhances both the
plume velocity and static temperature spreading
rates as a function of the perturbation strength.
In Ref. 19, an increase of up to 45 percent was
obtained in the spreading rate in the nozzle
height (Z) plane with acoustic levels of 105 dB.
It should be noted that the preceding results were
obtained with an aspect ratio of 48 and the jet
confined between side plates in the nozzle width
(Y) plane. Strouhal numbers from 0.083 to 1.745
were included in the study, with the maximum plume
spreading occurring with a Strouhal excitation
number of 0.29. However, as in the case of the
excited plume centerline decay, a satisfactory

general correlation for excited heated jet spread-
ing is not currently available.

Secondary Stream Effects On Excited Plume Decay

The effect of a secondary stream on an excited
two-dimensional nozzle plume causes the same order
of magnitude change in the plume decay as that for
an unexcited plume. Thus, the curve in Fig. 7 can
be used to estimate the excited plume centerline
temperature decay in the presence of a secondary
?tream {ejector or flight) by substituting

Ue = Ug) /(U5 = Uy) and (t. - t )/ {t; -t
fo? theorespgctivg Ségxcited ra%ios ghownJin tﬁg
figure.

exc

The effect of a secondary flow on the center-
line decay of an excited two-dimensional nozzle
plume must be determine by analogy to excited
conic nozzle plume centerline decay data. In
Fig. 18, the excited conic plume velocity ratio,
(Ug = Up)/(Uj - Uglexc 1s plotted as a function
of the unexcited nozzﬁe centerline plume velocity
velocity ratio (Ug - Ug)/(Uj = Ug)ynexc for several
axial stations. fn the figure, the static data
(Ug/U; = 0) are shown by the circle symbols while
the data with a secondary stream (UO/U- = 0.43)
are shown by the square symbols. Both sets of
data fall on the same curve (solid 1ine in the
figure). It is apparent from these data that,
over the range of data shown, the same relation-
ship exists between excited and unexcited plumes
with and without a secondary stream. Furthermore,
on this basis it appears reasonable, by analogy,
that the curve shown in Fig. 18 also is applicable
to excited plumes with secondary streams if the
excited static temperature and excited velocity
ratios are substituted for the corresponding
static ratios.

Concluding Remarks

From the preceding discussions of excited jet
plume characteristics, it is evident that when
the plume large-scale shear layer structure is
modified by excitation, large changes in the rate
of plume centerline velocity and static tempera-
ture decay as well as in the plume spreading rate
can be achieved with and without a secondary
stream. Such changes in the plume characteristics
can beneficially influence the design, weight and
performance of an ejector for both conic and asym-
metric nozzle systems. While the excited data
were obtained by acoustically exciting the plume,
the literature, as previously stated, indicates
other means can be used, such as aero/mechanical
or thermal means. These latter means may perhaps
avoid the temperature problems that have been
encountered to date with acoustic excitation.

Conclusions

On the basis of a study concerned with secondary
stream and plume excitation effects on two-
dimensional nozzle plume decay and spreading char-
acteristics, the following conclusions are made:

1. Secondary stream effects on two-dimensional
nozzle plume centerline velocity and static tem-
perature decay characteristics were correlated to
similar data for ambient conditions by the inclu-
sion of appropriate flow and configuration
parameters.



2. Artificial excitation of the coherent
large-scale structure in the plume shear layer
produced more rapid plume decay and spreading of
two-dimensional plumes in a manner similar to that
previously observed with conic nozzle plumes.

3. Correlations developed in the present study
provide a means of estimating the plume centerline
velocity and static temperature decay for two-
dimensional nozzles from cold-flow plume center-
Tine decay measurements for both secondary stream
and artificial excitation effects.

4, Two-dimensional nozzle plume radial veloc-
jty decay with excitation and/or a secondary
stream showed similar rates of decay as those for
ambient external flow conditions.
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TABLE 1.- TWO-DIMENSIONAL
NOZZLE SECONDARY STREAM
CORRELATION PARAMETERS

(AR = 1)

Up/Us5 | Fo Fo

0.1 1.034 | 1.029
.2 1.087 | 1.081
.33 1.174 | 1.171
.5 1.314 | 1.318
.67 1.488 | 1.494
.8 1.659 | 1.544
.9 1.840 | 1.769

1.0 oo 1.900
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FIGURE 1. - SCHEMATIC SKETCH OF SECONDARY STREAM AND SHEAR LAYER
EXCITATION EFFECTS ON JET PLUME VELOCITY DECAY.
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FIGURE 2. - SCHEMATIC SKETCH OF TWO-DIMENSIONAL NOZZLE PLUME SHOWING
PERTINENT FLOW REGIONS.




VELOCITY
———— TEMPERATURE

z o — =" OUTER
+ ) I
-

T
bh/2
AN » X
INNER
» X

INNER

FIGURE 3. - SCHEMATIC SKETCH OF INNER AND OUTER (U = Uj/2)
PLUME MIXING REGIONS.
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FIGURE 4. - SCHEMATIC SKETCH OF TWO-DIMENSIONAL NOZZLE
CENTERLINE AXIAL VELOCITY AND TEMPERATURE DECAY.
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FIGURE 5. - SCHEMATIC SKETCH OF THE EFFECT OF TWO-

DIMENSIONAL NOZZLE ASPECT RATIO ON THE PLUME
CENTERLINE VELOCITY AND TEMPERATURE DECAY.
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FIGURE 6. - TYPICAL VARIATION OF LOCAL PLUME CENTERLINE
STATIC TEMPERATURE RATIO WITH LOCAL VELOCITY RATIO FOR
TWO-DIMENSIONAL NOZZLES AND ORIFICES.
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FIGURE 7. - CORRELATION OF PLUME CENTERLINE STATIC TEMPERATURE
DECAY WITH VELOCITY DECAY FOR SEVERAL SECONDARY STREAM
VELOCITY RATIOS. CONIC NOZZLES.
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FIGURE 8. - EFFECT OF SECONDARY STREAM ON TWO-DIMENSIONAL
NOZZLE PLUME CENTERLINE VELOCITY DECAY. AR, 24,
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FIGURE 9. - VARIATION OF SECONDARY STREAM CORRELATION
PARAMETER, F,. WITH VELOCITY RATIO. U,/Uj.
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FIGURE 10. - CORRELATION OF SECONDARY STREAM EFFECT ON TWO-
DIMENSIONAL NOZZILE PLUME CENTERLINE VELOCITY DECAY.
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FIGURE 11, - CORRELATION OF SECONDARY STREAM EFFECT ON CONIC
NOZZLE PLUME CENTERLINE VELOCITY DECAY. REFERENCE 5 DATA.
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FIGURE 12. - CORRELATION OF SECONDARY STREAM EFFECT ON

CONIC NOZZLE PLUME CENTERLINE STATIC TEMPERATURE
DECAY. REFERENCE 5 DATA.
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FIGURE 13. - REPRESENTATIVE TWO-DIMENSIONAL NOZZLE PLUME
RADIAL VELOCITY DECAY IN NOZZLE HEIGHT (Z) PLANE WITH
A SECONDARY STREAM. AR, 24; REFERENCE 6 DATA.
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FIGURE 14. - REPRESENTATIVE TWO-DIMENSIONAL NOZZLE PLUME
RADIAL STATIC TEMPERATURE DECAY IN NOZZLE HEIGHT (2)
PLANE WITH AND WITHOUT SECONDARY STREAM.
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FIGURE 15. - PLUME CENTERLINE STATIC TEMPERATURE-TO-
VELOCITY VARIATION WITH AND WITHOUT FLOW EXCITATION.
CONIC NOZZLE: REFERENCE 4 DATA.
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FIGURE 16. - REPRESENTATIVE PLUME RADIAL VELOCITY DECAY
WITH AND WITHOUT ACOUSTIC EXCITATION. UNPUBLISHED
DATA: Dj. 5.08 cm: X/Dj. 9: CONIC NOZZLE.
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FIGURE 17. - REPRESENTATIVE PLUME RADIAL STATIC TEMPERA-
TURE DECAY WITH AND WITHOUT ACOUSTIC EXCITATION. UN-
PUBLISHED DATA: CONIC NOZZLE: Dj., 5.08 cmM: X/Dj. 9.
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CENTERLINE VELOCITY DECAY WITH AND WITHOUT A
SECONDARY STREAM. CONIC NOZZLE: Mj. 0.58; EXCI-
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